Abstract-This paper assesses chest wall mechanics with emphasis on sternum movement during lung ventilation. Such activity distorts the thoracic wall by moving it outward and upward, creating an acute angle in the sagittal plane. The respiratory angle is defined and measured by a set of 3-D optical tracking system with an accuracy of 100 µm. It emits 850-nm infrared lights and picks up motions of a marker array attached on the chest. First-degree polynomial fitting was used in order to calculate the respiratory angle from the 3-D marker trajectories. A group of 20 subjects were recruited in the human testing, from which a range of 33.69°-67.67°were determined. The standard deviation of each estimation ranged from 1.28°to 14.15°. The mean for all 20 estimates was 50°of respiratory angle. The study of respiratory angle may enable the optimal positioning of respiratory effort harvesters, increase sensitivity of physiological radar sensors, and enhance the resolution of different imaging modalities.
I. INTRODUCTION

C
HEST wall mechanics during lung ventilation are associated with contraction and relaxation of the diaphragm, external intercostal, neck and chest muscles [1] . As the volume of the thoracic cavity increases during inhalation, rib cage expansion causes the ribs to be lifted up and outward. The study of chest wall movement and its deformation could lead to optimal positioning of respiratory effort harvesters [2] and capacitive respiration sensors [3] , [4] , as well as increasing detection sensitivity of physiological radar sensors [5] - [7] and ultrasonic respiration rate sensors [8] . Monitoring respiration movements on patients could also help enhance resolution of PET, SPECT, and MR imaging [9] , [10] .
Chest wall displacement can be assessed by a variety of techniques. A magnetometer has been used to measure circumferential changes in anteroposterior diameters that are linearly related to lung volume variation [11] . The design is further improved by employing a four-channel magnetometer instrument, which can assess both normal and abnormal respirations on patients [12] . Cross-sectional changes were measured on the thorax and abdomen by coil-based inductive plethysmography [13] , [14] and conductive textile based capacitive sensors [3] , [4] . Ideally, chest displacement sensors should not interfere or obstruct human subjects' breathing patterns during these measurements. However, contact sensors mentioned above may affect the integrity of sensing data. In addition, circumferential change only offers one dimensional (1D) interpretation of chest wall respiratory behavior. Optical [15] , ultrasonic [8] and radio techniques [16] are prominent alternatives for non-contact displacement sensing. No major infrastructure of the sensor instrument is needed in such sensing systems. Nonetheless, motion artifacts can be easily mixed into the reflected optical rays, sound or electromagnetic waves that degrades signal-to-noise ratio, unless quiet breathing and stable posture are maintained during the measurement process.
Marker-based optical sensing, on the contrary, can perform more sophisticated physiological sensing by adding two additional degrees of freedom. Hence, such technique is promising for the comprehensive study of chest wall mechanics. The ELITE system, which uses television cameras to recognize special hemisphere markers on the target [17] , has been implemented in a number of works. Respiration-related deformation of chest wall has been assessed with three dimensional (3D) configurations, where 36 reflective markers were placed in matrices on the front and back of a seated subject's torso surface [18] . It was determined that during inhalation the rib cage moves upward, lateral and toward the abdomen. A cluster of cross-shaped markers on the front of the torso were measured using a similar configuration along with a bio-radar, producing good correlations to 1D motion between camera and radar measurement of tidal breathing Four TV cameras were used to capture two sets of 16 passive markers in a 4 × 4 grid arrangement on subject's body (front and back), enabling three-dimensional assessment of the trunk with maximum resolution [20] . Its compartmental analysis in torso surface kinematics accurately estimated respiratory volumetric changes. Additionally, factors affecting the 1558-1748 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. Fig. 1 . Modeling respiratory angle. An acute angle α lies between the path of a pinpoint located at the bottom of sternum during respiration and the transverse plane of human body [7] .
breathing movements of the thorax and abdomen have also been investigated using an advanced infrared motion capture system [21] . Although full assessment of the chest wall movement has been achieved using these configurations, little was reported on the 2D motion of the chest wall in the sagittal plane; particularly, specific examination of how it lifts and expands outward due to the rib cage and muscular activities has not been included. Preliminary data obtained with a marker-based optical system was used previously to estimate a respiratory angle from a single subject [7] . This study extended the previous examination to twenty subjects with a significant range of thorax parameters. An infrared motion tracking system was used to investigate how the chest wall moves in the sagittal plane. With the aid of reflective markers affixed on the sternum, an estimate of the average respiratory angle was obtained.
II. RESPIRATORY ANGLE
From an anatomical perspective, torso movements associated with respiration are rib and diaphragm related. During breathing, the rib cage expands, increasing thoracic space and creating a negative pressure gradient inducing the inspiration of air. Following inspiration, elastic recoil of stretched tissues produces expiration pushing carbon dioxide out of the lungs. Air exchange is also accomplished through the cyclic contraction and relaxation of the diaphragm, which considerably alters the volume and vertical dimension of the thorax.
During inhalation, movements of the ribs can be categorized into two types [22] . Upward rotation around an axis at the articulation of the rib and vertebra and associated elevation of the sternum resembles the motion of a pump handle in the sagittal plane. Concurrent upward gliding with rotation at the two ends of the rib resembles the motion of a bucket handle in the frontal plane. The combination of these movements allows the rib cage to increase in sagittal and transverse diameters during inhalation, and to move down and medially during exhalation. A respiratory angle can thus be quantified during respiration as an acute angle between the path of a point of interest at the bottom of the sternum and the transverse plane of the body, as shown in Fig. 1 [7] . The distal point of the sternum presents the optimal point for assessment of respiratory angle as the most obvious distortion of the chest wall is seen at this point between the beginning and conclusion of respiration.
III. EXPERIMENT SET-UP
A. Apparatus
To accurately assess chest wall mechanics, a real-time motion tracking system (Advanced Realtime Tracking GmbH) was used. The system was composed of a pair of infrared cameras, and a DTrack PC with Sync-card and proprietary processing software (Fig. 2) . The model used in this experiment was specially manufactured for tracking motion artifacts in a small area inside an MRI chamber and is predicted to have an accuracy of 100μm in relative measurement of movements. The camera lenses were 12mm in diameter, which allowed for stereo vision with a viewing field size of 120cm × 90cm at 3m distance. The 850nm wavelength infrared flashes produced by the cameras are reflected to the camera lens by retroreflective markers place on the target.
A tracking target shown in Fig. 3 was comprised of a marker array provided by the manufacturer to enhance detection sensitivity in motion tracking. This array was a constellation of four retro-reflective spheres placed on a customized plastic frame. The tracking system used reflections from each marker to determine their real-time positions and trajectories. These coordinates were processed in DTrack PC, which outputs a real-time position and orientation result.
A single marker's three dimensional coordinate data have been reported previously in our preliminary work on one subject [7] . This work utilized the same approach to expand the assessment of respiratory angle to a larger sample. The advantages of a target array over a single marker are multiple. First, the target array behaves like a rigid body where four markers are moving concurrently instead of one. This arrangement improves accuracy as it averages positional measurement errors of individual marker observations. Second, it enables continuous tracking even if some markers are covered or blocked from line-of-sight during movement, as long as there are three markers visible.
B. Human Subjects Testing
Twenty subjects (9 female, 11 male) were recruited, ranging in age from 24 to 33 years with an average of 28.1 years. The body mass index (BMI) ranged from 18 to 30 kg/m 2 with 12 subjects classified as normal weight, 5 underweight and 3 overweight. The physical characteristics of subjects are listed in Table I . Study procedures were approved by the University Committee of Human Studies and subjects completed informed consent prior to participation. For each measurement, the subject sat in a chair with hard flat seat and straight back support. A standard posture was used requiring subjects to keep their legs at shoulder width, while placing both hands relaxed on the knees. The marker array was attached at the bottom of sternum by double-sided toupee tape and a medical elastic band to facilitate the tracking of thoracic wall motion. In order to reduce the noise that clothing might bring, male subjects were required to take off shirt to allow direct contact between the tape and bare skin. Female subjects were required to wear sports tank or tight shirt for the test. The marker array was attached to the top by the same means. Each set of measurement data was collected over a 70 second period. During the process, the subject was asked to breathe normally while remaining as still as possible to minimize random motion artifacts. Real-time six DOF data 6 . Illustration of respiratory angle estimation of one subject [7] . The gray broken line is the marker movement reconstructed over sagittal plane, while the black line clusters are fitted to respiratory cycles by linear regression.
was acquired by the DTrack PC and stored simultaneously for further processing.
IV. ANGLE ESTIMATION AND MEASUREMENT RESULTS
To estimate respiratory angle, movement in the sagittal plane was assessed. Fig. 4 shows the 3D coordinate system utilized for kinematic analysis of respiratory angle with Axis Y representing anterior-posterior motion and Axis Z representing superior-inferior motion. During inhalation, marker array coordinates in the Z-axis increased, while that of the Y-axis decreased with the opposite occurring during exhalation. Fig. 5 shows an example of one subject's data, plotting absolute displacement of the Y and Z coordinates simultaneously over time. This subject maintained a stable seated position, thus there was no significant drift exhibited in the plot. It can also be seen where deeper breathing occurs as both Y and Z coordinates vary simultaneously at associated ranges.
When plotting normalized discrete coordinates of Y and Z on the same four-quadrant graph in Fig. 6 , the marker array's two dimensional movement in the sagittal plane can be reconstructed. It is evident that on the Z-Y plane, an acute angle can be drawn from the tendency of movement relative to the Y axis.
To estimate the respiratory angle, segmentation was implemented according to respiration cycles. A peak detection procedure was performed on time dependent Y-axis coordinate data first. Based on local maxima and minima, individual respiratory segments were determined by consecutively separating the data sets at peaks. Thus, an inhalation segment was considered as the movement from minima to maxima, while the subsequent exhalation started from the same maxima and concluded at the next minima.Then, a least-square method based polynomial fitting was performed, which returned a 1-D polynomial (1) that best fit the data points of each segment on the Z-Y plane.
The polyfit function in Matlab was used to perform the task. Thus (p(y i ), y i ) transcribes a line for each segment to be approximated as respiratory angle. The slope of fitted lines were calculated using the arctangent function for respiratory angle estimation. In the example shown in Fig. 6 , although some drift exists between fitting lines from cycle to cycle, their slopes are similar. However, if the subject unconsciously introduced large motion artifacts during measurement, the slopes were likely to be either a blunt angle, or simply too small to be used. Such data may lead to ambiguity and unreliable averaging if utilized for analysis. Therefore, in each measurement, any angle estimation that exceeded 90 degrees or was less than 10 degrees was deemed invalid and discarded (2) .
Hence in the calculation, by excluding the outliers, viable respiratory angle can be obtained. By averaging all viable angles (3), an estimate of respiratory angle from the subject's measurement data set was determined. Fig. 7 presents the estimated angles on the Z-Y plane for all 20 subjects. Each plot includes the marker array's movement profile and linearly fitted lines on each segment. Overall, linear regression algorithm yielded good estimation on almost every plot by projecting a clear inclination of a cluster of acute angles. Estimations associated with Fig. 7(a), Fig. 7(i) , and Fig. 7 (m) demonstrated motion artifacts that produced blunt angles and unreliable results. The invalid angles associated with these data sets were ruled out from each of the three estimations during the pre-processing procedure.
In accordance with Fig. 7 illustrations, Table II shows the quantitative results of respiratory angle estimation. The mean, standard deviation and median values of all viable angles, the final results for each subject are listed. The median in addition to mean value was compared in order to assess the distribution of angles for one measurement throughout entire clusters.
Illustrated in Fig. 8 are the mean values and standard deviations of angles estimated among all 20 subjects. Note that unreliable angles have been discarded in the estimations of subject #01, #09 and #13. Although the standard deviations of these three groups are relatively higher than the others, their average respiratory angles are within the same range as the angles obtained for remaining subjects.
A comparison of absolute difference between mean and median values for the rest of estimations was made to assess validity. As shown in Fig. 9 , the dash line indicates the absolute difference for each measurement, which is well maintained at and less than 1 degree. Therefore, they were all deemed viable. From these 20 sets of measurements, the range of respiratory angles in the human testing was determined to be from 33.69 to 67.67 degrees. Their algebraic average yielded an estimation of respiratory angle of 49.94 degrees.
When divided into gender groups, the differences in statistical values of respiratory angle between male subjects and female subjects were quite distinguishable (see Table III ).
From the results in Table II among 9 female subjects, it can be concluded that the average respiratory angle was 42.25 degrees, with a minimum of 33.69 degrees and a maximum of 56.40 degrees. As for the male subjects, averaging from 11 results gave a 56.23 degrees of average respiratory angle among the entire group. Their minimum angle was 49.69 degrees, and maximum was 67.67 degrees. The distinct differences can be found between the two groups as male subjects performed larger respiratory angles than that of the female subjects. This could be associated with the fact that male subjects in this study generally have geometrically bigger torso and larger lung volume. During lung ventilation, the sternum in the male group needs more combined anterior-posterior and superior-inferior motions than that of the female group.
V. CONCLUSIONS
The assessment of chest wall mechanics can be obtained through a variety of techniques to provide quantitative interpretation on its behavior as well as associations to various physiological parameters and impact factors. Marker-based tracking is a non-obstructive measure that can provide threedimensional mapping of the chest surface under normal breathing. The novel contribution of this study was the utilization of this method to assess the two-dimensional activity of the sternum in the sagittal plane during respiration. It was found from testing twenty human subjects that an acute angle ranging from 33.69 to 67.67 degrees, with a mean of 49.94 degrees, can be observed and estimated from the profile of sternum movements.
Statistical study for the 20 subjects showed that male subjects generally had larger respiratory angles than the female subjects. However, no correlation was found between respiratory angle and subject's height, weight or BMI value. The relationship between respiratory angle and age was not clear from the present data. Though this study was conducted among subjects between 24 and 33 years old, investigation of a sample with a wider range of age may have produced a correlation between age and respiratory angle though this would not be expected as subjects in the current study were all beyond the age of expected skeletal maturity.
Respiratory angle information can be used to optimize respiratory sensing, imaging, and energy scavenging. Using such angle to effectively compensate for signal-to-noise ratio in radar physiological sensing signal will be conducted in a comprehensive study consequently. Different postures, positions as well as activity levels will also be investigated in the future work.
